ABSTRACT Aims/Introduction: The severity of insulin resistance is higher in Japanese-American people with American lifestyles than in native Japanese people with Japanese lifestyles. Recently, the role of gut microbiota in the control of host metabolic homeostasis and organ physiology has been recognized. In addition, gut microbiota alterations have been suggested to contribute to pathogenesis of insulin resistance. The principle aim of the present study was to evaluate the impact of a Westernized lifestyle on the gut microbiota of Japanese-Americans versus native Japanese, and its correlation with insulin resistance. Materials and Methods: A total of 14 native Japanese men living in Hiroshima, Japan, and 14 Japanese-American men living in Los Angeles, USA, were included. A 75-g oral glucose tolerance test was carried out for all participants to assess their glucose tolerance, and normal glucose tolerance was observed. We compared the insulin response with oral glucose load, the Matsuda Index, and the composition of the gut microbiota between the native Japanese and Japanese-American men. Results: Japanese-American men showed higher area under the curve values for serum insulin concentrations during the oral glucose tolerance test and lower Matsuda Index than native Japanese men. Gut microbiota composition of the Japanese-American men was different; in particular, they showed a relatively lower abundance of Odoribacter than native Japanese men. The ratio between relative abundance of Odoribacter and Matsuda Index was positively correlated between the two groups. Conclusions: Our findings suggest that Westernized lifestyles alter gut microbiota, and its alteration might induce insulin resistance in non-diabetic Japanese men.
INTRODUCTION
Japanese-American people, while being of the same race as native Japanese people, lead a different lifestyle. Thus, they form an adequate population that can be used for investigating the effects of a Westernized lifestyle on the development of lifestyle-related metabolic diseases among Japanese people. We undertook a medical survey targeting Japanese people, and their descendants, who emigrated to the USA (the Hawaii-Los Angeles-Hiroshima Study) since 1970 1 . It was inferred that Japanese-Americans with an American lifestyle in Hawaii or Los Angeles had a higher degree of insulin resistance 2, 3 , as well as a higher prevalence of diabetes mellitus and metabolic syndrome [4] [5] [6] than native Japanese with a Japanese lifestyle in Hiroshima.
Recently, gut microbiota has been regarded as an essential organ, playing critical roles in controlling host metabolic homeostasis and organ physiology. In addition, gut microbiota alterations have been suggested to contribute to the pathogenesis of insulin resistance 7, 8 . Gut microbiota vary with race, diet and lifestyle [9] [10] [11] . Lifestyles impact the gut microbiota of people of different races living in different countries [12] [13] [14] [15] . However, there have been no reports regarding the alteration of gut microbiota by the westernized lifestyle in the same race and the correlation with insulin resistance.
We hypothesized that the alteration of gut microbiota by the westernized lifestyle might correlate with insulin resistance. In the present study, we compared the gut microbiota of native Japanese and Japanese-American men to investigate the impact of a Westernized lifestyle on gut microbiota, and its correlation with insulin resistance.
METHODS

Participants
The study participants comprised of 14 native Japanese men living in Hiroshima, Japan, who were enrolled in medical surveys carried out from April 2016 to March 2017, and 14 Japanese-American men living in Los Angeles, USA, who were enrolled in medical surveys carried out in August 2015. The inclusion criteria were as follows: (i) aged ≥45 years to ≤75 years; and (ii) normal glucose tolerance, which was defined as a fasting serum glucose level <110 mg/dL (6.1 mmol/L) and 2-h post-load serum glucose level <140 mg/dL (7.8 mmol/L) after a 75-g oral glucose tolerance test (OGTT). The exclusion criteria were as follows: (i) history of inflammatory bowel disease; and (ii) treatment with antibiotics in the 3 months before fecal sampling. After receiving an explanation of the study procedures, each participant provided written informed consent. This study was approved by the ethics committee of Hiroshima University (No. E-139), and carried out in accordance with the Declaration of Helsinki.
Anthropometric data and biochemical analysis Each participant was interviewed, and underwent physical measurements and venous blood sampling after an overnight fast. The collected blood samples were centrifuged, immediately frozen and stored until analysis. Serum glucose levels were measured by the hexokinase method. Enzyme immunoassay was used to measure serum immunoreactive insulin (IRI). Serum total cholesterol and triglyceride levels were assessed by an enzymatic method. High-density lipoprotein cholesterol levels were measured by a homogenous assay. The Matsuda Index was determined as previously described 3 and used as an index of insulin resistance. We chose the Matsuda Index, which reflects whole-body insulin sensitivity, instead of the homeostasis model assessment of insulin resistance, which reflects hepatic insulin sensitivity 16 , as an index of insulin resistance, because gut microbiota is considered to be linked to whole-body insulin sensitivity 17, 18 .
Nutritional evaluation
The dietary intake and dietary habits of all the participants were assessed by a nutritional assessment questionnaire during the examination period. Experienced dietitians analyzed nutrient composition using the nutritional management software, Chatty (Total Software Corp., Kagoshima, Japan). The dietary intake of macronutrients, saturated fatty acid, polyunsaturated fatty acid (PUFA; all expressed as the percentage of total energy intake) and fiber (g/day) were calculated.
Gut microbiota analysis
Fecal samples placed in clean, dry, screw-top collection vials and returned within 24 h after collection were stored immediately at -80°C for gut microbiota analyses. Samples were placed in an insulated container with dry ice for transfer to the laboratory. Total deoxyribonucleic acid extraction from frozen fecal samples was carried out using a QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA, USA) as previously described 19 . Primer pairs, 341F and 785R, were used to amplify the V3-V4 region of the 16S ribosomal ribonucleic acid gene as previously described 20 . Then, amplicons were purified, indexed and sequenced on an Illumina MiSeq platform (Illumina Incorporated, San Diego, CA, USA) following the 16S Metagenomic Sequencing Library Preparation protocol. After sequencing, the reads were quality-trimmed using the CLC Genomics Workbench 7.5.3 (CLC Bio, Aarhus, Denmark). Quantitative Insights Into Microbial Ecology (v1. 8.0) 21 was used to analyze the 16S ribosomal ribonucleic acid sequence. Sequences were quality filtered using split_libraries_fastq.py Quantitative Insights Into Microbial Ecology script. USEARCH version 6.1 was used to carry out chimera detection 22 . Operational taxonomic unit data were generated using the UCLUST method with a 97% confidence threshold and classified taxonomically using the GreenGenes version 13.8 23 . Subsequent analyses of diversity were carried out at a depth of 10,000 sequences per sample. Alpha diversity was computed using the Shannon Index. Beta diversity was estimated using weighted UniFrac analysis followed by a principle coordinate analysis. The relative abundance of bacterial groups between each group was calculated using Quantitative Insights Into Microbial Ecology.
Analyses of short-chain fatty acids in feces
The concentration of short-chain fatty acids in feces was measured by TechnoSuruga Laboratory Co., Ltd. (Shizuoka, Japan) 24 .
Statistical analysis
Data are described as the mean -standard deviation, for normally distributed data, and median (25th-75th percentile) for data with skewed distribution. Because of the skewed distribution of the data for triglycerides, the area under the curve for serum IRI during the OGTT, the Matsuda Index and the relative abundance of some gut microbiota, these parameters were analyzed after logarithmic transformation. We carried out an unpaired Student's t-test to analyze differences in the parameters between the two groups, and Pearson's correlation analysis to assess the correlation between age, body mass index (BMI), Matsuda Index, ratio of food intake and gut microbiota at genus level with relative abundance >0.1%. Heatmaps were generated by using the heatmap.2 function of the gplots package in R (version 3.1.3; R Foundation for statistical Computing, Vienna, Austria). Furthermore, we carried out single and multiple regression analyses to assess the associations between the Matsuda Index and age, BMI, and the relative abundance of gut microbiota. A P-value <0.05 was considered to show statistical significance. IBM SPSS Statistics for Mac, version 24.0 (IBM Corp., Armonk, NY, USA) was used for statistical analyses. Table 1 shows the clinical characteristics of the study participants. The Japanese-American men were older and had a lower ratio of PUFA intake than the native Japanese men. No significant differences were observed in BMI, glucose levels during the OGTT and fecal short-chain fatty acids concentrations between the two groups.
RESULTS
Insulin responses of native Japanese and Japanese-American men to oral glucose load were compared ( Figure 1 ). The 60-min IRI after OGTT and the area under the curve for serum IRI during the OGTT values were higher in Japanese-American men than in native Japanese men (P = 0.004; Figure 1a ,b). Furthermore, the Matsuda Index was lower in Japanese-American men than in native Japanese men ( Figure 1c) .
Next, the gut microbiota compositions of the two groups were compared (Figure 2 ). The alpha diversity of the gut microbiota estimated by the Shannon Index was not significantly different between the two groups ( Figure 2a) . Principle coordinate analysis after weighted UniFrac analysis showed separate clustering of groups (Figure 2b) , and an analysis of multi-response permutation procedures showed significant differences between the groups (A = 0.02, significance of delta = 0.04). Taxonomic analyses showed that the percentage of the Bacteroidetes was lower in the Japanese-American men than in native Japanese men (P = 0.044), whereas the percentage of Firmicutes was higher in Japanese-American men than in native Japanese men ( Figure 2c) ; however, this difference was not statistically significant (P = 0.076). Subsequently, the genus of bacteria that had different distributions in the native Japanese and Japanese-American men was identified. As a result, the percentages of the 16S ribosomal ribonucleic acid gene sequences representing Collinsella within the phylum Actinobacteria, and Parabacteroides and Odoribacter within the phylum Bacteroidetes were lower in the Japanese-American men than native Japanese men, whereas Faecalibacterium within the phylum Firmicutes were higher (Figure 2d) . Finally, the relationship between insulin resistance and the gut microbiota was investigated. Heat map showed that the Matsuda Index was positively correlated with the relative abundance of Odoribacter in both groups (Figure 3a,b) . There was no correlation between age, BMI and the relative abundance of Odoribacter in two groups. Then, we investigated the associations between the gut microbiota and nutrition. The relative abundance of Odoribacter was correlated negatively with the total energy intake, and positively with the ratio of PUFA intake in Japanese-American men, but not in native Japanese men ( Figure S1a,b) . There was no correlation between the ratio of PUFA intake and Matsuda Index in two groups (data not shown).
Multiple regression analyses showed that the relative abundance of Odoribacter was a factor that positively explained the Matsuda Index, after adjusting for age and BMI in native Japanese men (b = 0.556, P = 0.006), but this association disappeared after adjusting for age and BMI in Japanese-American men (b = 0.621, P = 0.108; Table S1 ).
DISCUSSION
In the present study, we compared the gut microbiota of the two cohorts of Japanese participants who were of the same race but lived in different countries, and investigated alterations in their gut microbiota and its resulting correlation with insulin resistance. We found that the gut microbiota composition in the Japanese-American men differed from that in the native Japanese men; in particular, there was lower relative abundance of Odoribacter. The degree of insulin resistance was higher in the Japanese-American men than in native Japanese men. The ratio between relative abundance of Odoribacter and the Matsuda index was positively correlated between the two groups. The results of the present study show that leading a Westernized lifestyle might induce insulin resistance through alterations in the gut microbiota in Japanese people.
The composition of the gut microbiota in the JapaneseAmerican men was different from that observed in the native Japanese men. Previous studies have shown that a Westernized lifestyle decreased alpha diversity [12] [13] [14] [15] . A higher intake of dietary fiber in non-Westernized societies is considered to contribute to higher alpha diversity 25 . In the present study, no significant difference in the alpha diversity was observed between the two groups, and decreasing dietary fiber intake in the Japanese population 26 might have contributed to the lack of significant difference seen for alpha diversity in this study.
The abundance profiles of bacterial taxa differed between the two groups. At the phylum level, previous reports have shown that people with a Westernized lifestyle had increased proportions of Firmicutes and decreased proportions of Bacteroidetes 12, 14 , which is in accordance with the results of the present study. In this study, Bacteroidetes, not Firmicutes, predominated, which differed from previous observations in Japanese participants 27, 28 . This difference between studies might be due to the difference in factors including BMI and physical activity of the participants, and methods such as bacterial deoxyribonucleic acid extraction from feces and next-generation sequencing. At the genus level, those with a Westernized lifestyle had consistently increased proportions of Faecalibacterium, Ruminococcus, Bifidobacterium, Bacteroides and Blautia, and decreased proportions of Prevotella [12] [13] [14] [15] . In accordance with previous reports, we found an increased proportion of Faecalibacterium in the Japanese-American men compared with the native Japanese men, but no other differences in genera were observed in the present study. Previous reports have compared the gut microbiota of individuals in non-industrialized societies with those with a westernized lifestyle, such as comparing gut microbiota of Europeans and with to that of children in Burkina Faso 12 , children and adults in Malawi and Amazonian Americans 13 , adult Hadza hunter-gatherers in Tanzania   14 , and adult Papua New Guineans 15 . Differences in the alteration of gut microbiota in the present study compared with the previous reports might be influenced by ethnicity and the levels of urbanization 29, 30 . Subsequently, a notable finding of the present study was the decreased proportion of Odoribacter observed in the Japanese-American men compared with native Japanese men, and that the relative abundance of this gut microbiota was positively correlated to the Matsuda Index in both groups. To date, no study has focused on the relationship between gut microbiota and insulin resistance in Japanese populations. The abundance of Prevotella copri was found to be positively correlated to insulin resistance in non-diabetic Danish individuals 31 , and the Bacteroidetes-to-Firmicutes ratio was inversely correlated to peripheral insulin sensitivity in non-diabetic European men in a study from the Netherlands 32 . To the best of our knowledge, the correlation between Odoribacter and insulin resistance has not been reported on so far. Taking into consideration that fecal metagenomic markers for type 2 diabetes mellitus were different between European and Chinese individuals 33 , the gut microbiota that correlate to insulin resistance might vary by race, lifestyle and geographical location.
On estimating the role of Odoribacter in insulin sensitivity, it was found that Odoribacter produced butyrate 34 . Oral butyrate treatment was reported to improve insulin sensitivity in healthy lean men 35 . In the present study, there was no difference in the fecal butyrate concentration between the two groups, and thus butyrate might not have been the main contributor to the differences in the insulin resistance. Odoribacter is also reported to produce sulfobacin B 36 ; sulfobacin B treatment is reported to suppress lipopolysaccharide-induced inflammation in mice 37 .
Considering that the levels of C-reactive protein, an inflammatory marker, are reportedly lower in native Japanese than in Japanese-Americans 3 , Odoribacter-produced sulfobacin B might exert an anti-inflammatory effect and partially contribute to improved insulin sensitivity.
Finally, the ratio of PUFA intake is shown to be less in Japanese-American men than in native Japanese men (P = 0.041; Table 1 ). Considering our previous report that the ratio of serum eicosapentaenoic acid to arachidonic acid was lower in JapaneseAmerican than native Japanese 38 , Japanese-Americans possibly have a lower intake of PUFA, especially omega-3 fatty acids, than native Japanese. The Western diet is characterized by high intake of simple carbohydrates, and saturated and omega-6 fatty acids, and low intake of omega-3 fatty acids and fiber [39] [40] [41] . In the present study, Japanese-American men showed a higher trend in the ratio of SFA intake and less ratio of PUFA intake than native Japanese men, which could be indicators of a Westernized lifestyle. In this study, the relative abundance of Odoribacter was correlated positively with the ratio of PUFA in Japanese-American men, but not in native Japanese men ( Figure S1a,b) . There was no report about the relationship between PUFA intake and gut microbiota in Japanese. In Western countries, there was also no report about the relationship between PUFA intake and Odoribacter 42 . These data suggest that gut microbiota response to PUFA intake could also vary by race and lifestyle.
The present study had several limitations. First, the participants in this study were limited to native Japanese men and Japanese-American men participating in one medical survey with a sample size that was relatively small. To ensure reproducible results, a larger study trial is required. In addition, considering that men and women have different gut microbiota, and the fact that the impact on insulin sensitivity associated with it also varies 32 , we restricted the study to only men. Further studies that include women are required to understand the differences of the impact of a Westernized lifestyle on the gut microbiota of both sexes and its correlation with insulin resistance. Second, the present study comprised only Japanese people. While elucidating the alteration of gut microbiota according to a Westernized lifestyle in the same race and identifying a correlation with insulin resistance is a strong point of this study, the results cannot be generalized to other ethnic groups. Finally, this was a cross-sectional study, thus, causal relationships could not be observed. To investigate the mechanism by which Westernized lifestyles alter the gut microbiota and subsequently induce insulin resistance, future experiments, such as serum or fecal metabolomics, are necessary.
In conclusion, the present study showed that Japanese men with Westernized lifestyles had altered gut microbiota, and this correlated with insulin resistance in those without diabetes. Thus, these gut microbiota alterations might be involved in the pathogenesis of insulin resistance. Lifestyle-related diseases, such as type 2 diabetes mellitus, are increasing worldwide, especially in Asia. The present study could provide additional insights into the pathogenesis of Westernized lifestyle-related metabolic disorders, and might offer novel biomarkers and therapeutic targets in patients with those disorders.
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